From mammals to insects, acoustic communication is in many species crucial for successful reproduction. In the duetting bushcricket Ancylecha fenestrata, the mutual acoustic communication between males and females is asymmetrical. We investigated how those signalling disparities are reflected by sexual dimorphism of their ears. Both sexes have tympanic ears in their forelegs, but male ears possess a significantly longer crista acustica containing 35% more scolopidia. With more sensory cells to cover a similar hearing range, the male hearing organ shows a significantly expanded auditory fovea that is tuned to the dominant frequency of the female reply to facilitate phonotactic mate finding. This sex-specific auditory fovea is demonstrated in the mechanical and neuronal responses along the tonotopically organized crista acustica by laservibrometric and electrophysiological frequency mapping, respectively. Morphometric analysis of the crista acustica revealed an interrupted gradient in organ height solely within this auditory fovea region, whereas all other anatomical parameters decrease continuously from proximal to distal. Combining behavioural, anatomical, biomechanical and neurophysiological information, we demonstrate evidence of a pronounced auditory fovea as a sex-specific adaptation of an insect hearing organ for intraspecific acoustic communication.
Introduction
An auditory (or acoustic) fovea describes a specialized region of the inner ear with a disproportionate number of receptor cells sharply tuned to a very narrow and behaviourally important frequency range. In analogy to the high spatial resolution of the fovea centralis in the primate retina, the term 'acoustic fovea' was originally coined, describing the vast over-representation of the echolocation frequency range in the inner ear of the greater horseshoe bat [1] . So far, auditory foveae had been found in the cochlea of only a few aurally specialized vertebrates like bats [2] , barn owls [3] , African mole rats [4] and the New Zealand kiwi [5] . The behavioural function of an auditory fovea was extensively studied in bats and barn owls in the context of echolocation [6, 7] and auditory prey localization [8] , respectively. We recently discovered in the ear of the duetting bushcricket Ancylecha fenestrata a male-specifically enlarged auditory fovea that is sharply tuned to the dominant sound frequency of the female acoustic reply [9] . In contrast to bats and barn owls, this bushcricket species apparently evolved the auditory fovea in the context of intraspecific communication for acoustic mate finding.
In acoustically communicating insects, the hearing organs and the organs for sound production coevolve under various pressures from natural and sexual selection [10] [11] [12] [13] [14] , while sound signals (sender) and auditory signal perception (receiver) need to stay attuned [15] [16] [17] [18] . In phaneropterine bushcrickets, the females independently evolved sex-specific stridulation organs on their front wings [19, 20] for answering the male mating calls by a brief acoustic reply; a behaviour referred to as duetting [21, 22] . The mutual acoustic signalling in such duets is often asymmetric [23] , and can therefore impose diverging selection pressures on male and female ears depending on the sex-specific roles in terms of calling and searching behaviour [24] . Pair-finding strategies differ between Phaneropterinae species: either male, or female, or both initial phonotactically approach the sounds produced by the opposite sex [25] . This behaviour can shift the underlying sexual selection of decision-making and also the costs of energy investment and predation risk between the sexes [26] [27] [28] [29] [30] .
We investigated the functional basis of the sexual dimorphism in the hearing organ of the tropical bushcricket species A. fenestrata. As it is typical for bushcrickets, both sexes have tonotopically organized ears in their foreleg tibiae [31] [32] [33] [34] . However, the hearing organ in A. fenestrata has an exceptionally long crista acustica with about twice as many sensory cells than most other bushcricket species [35] [36] [37] . Recently, we reported evidence for a male-specifically pronounced auditory fovea in the ears of A. fenestrata [9] , and here we present a combination of morphological, biomechanical, neurophysiological and behavioural data that reveals the anatomical basis of the auditory fovea and corroborate the behavioural relevance of its sexual dimorphism for the mate finding strategy in this insect.
Material and methods (a) Animals
Experiments were performed using adult bushcrickets (katydids) A. fenestrata (Tettigoniidae: Phaneropterinae) from our breeding colony in Frankfurt am Main (Germany). These katydids are found typically in Southeast Asia (e.g. Malaysia). However, we obtained the first set of animals from European breeders. Males and females were physically and acoustically separated at larval stage and then reared in discrete containers at a 12 L : 12 D cycle.
(b) Behavioural analysis
Calls of individual males in a terrarium were recorded at night with an ultrasound microphone (CM16/CMPA, Avisoft Bioacoustics) and Avisoft RECORDER USGH software (A/D-converter: UltraSoundGate 116Hb basic, Avisoft). The recordings provide only relative sound amplitudes, as we did not control the exact distance between microphone and calling animal. Male call recordings were then played back (loudspeaker MSP5, Yamaha) to individual females and the sound in the terrarium (male playback and female acoustic reply) was recorded. During the nightly activity phases of the animals we also tested the phonotactic responses of males and females with sound playback of previously recorded calls of the opposite sex. Sound recordings were digitized with 250 kHz sampling rate (mono, 16 bit) and a flat frequency range for frequencies above 5 kHz limited by the microphone. Spectrogram, oscillogram, power spectrum and time analyses were computed using BATSOUND PRO 3.31b software (Pettersson Elektronik AB).
(c) Laser-Doppler vibrometry
As previously described in detail [38] , animals were waxed to a t-shaped holder and the foreleg tibia was mounted in an attached plastic chamber filled with insect saline. A small window was cut at the dorsal site of the tibia to access the crista acustica. Displacement amplitudes of crista acustica motion were measured with a microscanning laser-Doppler vibrometer system (MSV-300 with a sensor head OFV-534, Polytec) mounted on a microscope (Axio Examiner A1, Zeiss). Recording and laser beam control was accomplished with PSV 8.6 software (Polytec). Along the crista acustica a line of 45-55 measurement points (20 averages per measuring point, 256 kHz sampling rate) was defined. Velocity responses were analysed with a fast Fourier transformation (100 kHz bandwidth, 1600 lines, 62.5 Hz resolution, Hanning window). The vibrometer set-up was run in an anechoic chamber with constant temperature of about 22 + 28C. Acoustic stimuli were broadcast with a speaker (R2904/7000-05, ScanSpeak) that was horizontally directed towards the acoustic spiracle of the animal from 30 cm distance. Pure-tone pulses of 2 -57 kHz were produced by a function generator (NI 611x, Polytec), amplified (RB-850 Stereo Power Amplifier, Rotel) and adjusted in 5 dB steps from 30 to 80 dB SPL with an audio attenuator (350D, HP Company). Sound pressure levels across the frequency range were calibrated using a condenser microphone (MK301, Microtech) that was calibrated beforehand (sound calibrator type 4231 and measuring amplifier type 2610, Brü el & Kjaer).
(d) Electrophysiology
As previously described in detail [9] , intracellular recordings of individual cap cells were made using sharp microelectrodes (borosilicate glass, Harvard Apparatus) and amplified by a DCamplifier (BA-03X, NPI). The best frequency of a cell was defined as a given sound frequency and level combination that induced the highest neuronal spike activity in respect to all presented stimulus combinations (2-62 kHz in 1-5 kHz steps, 20-80 dB SPL in 5 dB steps). Pure-tone stimuli of 60 ms duration (r/f 4 ms) were generated (DAP 5216a board, Microstar Laboratories, Bellevue, WA, USA), intensity adjusted ( programmable attenuator PA5, TDT PC1, Tucker-Davis Technology), amplified (RB-850, Rotel, North Reading, MA, USA) and presented (loudspeaker R2904/700000, ScanSpeak) five times each in random order at 250 ms repetition interval.
(e) Histology
In nine males and six females the right foreleg tibia containing the crista acustica was fixed with 2% glutaraldehyde in 0.08 M cacodylatbuffer and gradually embedded in araldite (see [34] for details). With a microtome (Reichert Ultracut S, Leica) the tibiae were then cut in 2 or 4 mm thick slices, which were stained with toluidine blue in 1% borax. Each slice containing a sensory unit was photographed (AxioPhot, Zeiss,) for morphometric analysis of the different organ parameters (ProgRes CapturePro 2.5, Jenoptik Laser).
(f ) Statistics
Datasets are presented as mean and standard deviation (s.d.) when data are normally distributed, and as median with first and third quartile (interquartile range, IQR) when data failed testing Gaussian distribution (Shapiro-Wilk's test). Statistical differences between datasets with normal distribution were tested by student's t-test and Mann-Whitney (M-W) U-test was used for data that are not normally distributed or when the sample size was below 10 (N ¼ number of animals; n ¼ number of analysed events). All statistical analyses were performed by the software PAST v. 3.16 [39] .
Results (a) Acoustic behaviour
Starting at about midnight, males of the tropical bushcricket A. fenestrata produced single short sound pulses, which were repeated by the animal every 2-10 s for several minutes. When conspecific females hear these signals they occasionally answer with an acoustic response. Their sporadic reply consists rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171426 of a single short sound pulse that they produce precisely within 150-160 ms after a male's call. The males stridulate with the sclerotized inner edge of the right forewing as a scraper, which they stroke over a file of lamelliform teeth at the underside of their left forewing. The females, by contrast, have multiple rows of cuticle teeth on the dorsal surface of the right forewing and rub these structures as files over a long sclerotized scraper vein located at the underside of their left front wing. Our sound recordings (figure 1a) revealed a significant difference (t-test: p , 0.001, t ¼ 48.2) in the dominant frequency between male calls and female acoustic reply (male: 32.2 + 0.6 kHz, female: 9.7 + 1.4 kHz; N ¼ 10 each).
To determine the phonotactic pair-forming strategy [25] in this species, we tested male (N ¼ 10, n ¼ 35) and female (N ¼ 6, n ¼ 30) A. fenestrata for their locomotory responses towards a speaker that was repeatedly playing the previously recorded calls of the opposite sex. The experiments revealed (figure 1b) that males were overall more likely to move during the playback tests than females (males: 91%, females: 46%). Females remained mostly stationary (54%) and occasionally answered the broadcasted male calls by an acoustic reply. Males, however, predominantly approached the speaker broadcasting female calls (63% approach versus 28% withdraw), whereas roaming females did not show a clear preference to approach or withdraw from a speaker broadcasting male calls (23% and 23%, respectively).
(b) Sex-specific differences of the bushcricket ears For detection of the conspecific signals, both sexes have in their front legs typical bushcricket ears [35, 40] with tympani and a crista acustica in the tibia that is connected via an acoustic trachea to the acoustic spiracle in the prothorax (figure 1c). The tapering crista acustica with its linear array of tonotopically arranged auditory scolopidia, however, contains about 35% more sensory units in the male ears (median numbers males/females: 116/86, N ¼ 9/6) and is therefore also significantly longer (median males/females: 1.9/ 1.6 mm, N ¼ 9/6; M-W U-test: p ¼ 0.003, U ¼ 1) than in females (figure 1d ).
To compare the frequency representation along the hearing organ between male and female A. fenestrata, we measured sound-induced mechanical and neuronal responses at different positions of the crista acustica by laser-Doppler vibrometry and intracellular recordings from the cap cells of the scolopidia, respectively. The resulting mechanical and neurophysiological response maps of the hearing organ (figure 2) revealed for both sexes a similar overall hearing range with best and characteristic frequencies of approximately 2-40 kHz from the proximal to distal end of the crista acustica. The neuronal frequency tuning is linear in the sense that the characteristic frequency (CF: sound frequency of the lowest spike threshold) and the best frequency (BF: sound frequency that elicits a maximum spike response) are almost identical in each individual sensory cell (CF-BF difference , 0.06 kHz each; males M-W U-test:
. As BF is typically found at a high stimulus level (median/IQR: 80 dB SPL/75-80 dB SPL; n ¼ 69, N ¼ 14), here we show the BF values of the neuronal responses ( figure 2b,d ) and the mechanical response of largest displacement amplitudes along the crista acustica upon stimulation with correspondingly high sound levels of 80 dB SPL ( figure 2a,c) .
In the ears of both sexes, we found between neuronal and mechanical responses a well-matching tonotopic gradient along the hearing organ with a clear interruption in the proximo-medial part of the crista acustica disclosing an auditory fovea that is tuned to approximately 10 kHz. This auditory rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171426 fovea region was considerably extended in the ears of males by about the number of additional sensory cells in male compared with female ears. This indicates that the malespecifically elongated crista acustica is a consequence of scolopidia intercalated into the middle part to extend the auditory fovea region. Normalizing organ lengths between both sexes on a scale from 0 ( proximal end) to 100 (distal end) shows steeper gradients in the frequency change along the crista acustica in the mechanical than neuronal responses. As a key characteristic of an auditory fovea ( figure 2c,d) , a large area of the medial organ part features only minor changes (mechanical/neuronal: 1.2/0.6 kHz) in the tonotopic slope (defined as average change in frequency tuning per 10% organ length), whereas pronounced changes in the tonotopy were found in the most proximal (mechanical/neuronal: 2.6/1.3 kHz) and distal (mechanical/neuronal: 14.0/4.5 kHz) parts of the crista acustica.
(c) Anatomical basis of the acoustic fovea
To reveal the anatomical parameters accounting for the biomechanical basis of the tonotopy and its discontinuity in the fovea region of the crista acustica, we conducted a detailed morphometric parameter analysis in histological cross sections of the ears in eight males and six females. The diameter and profile morphology of the crista acustica changes dramatically along its proximo-distal axis (figure 3a). Most anatomical parameters, such as the width of the dorsal wall below the sensory cells (figure 3b) or the size of the cap cells that enclose the tip of the sensory dendrite (figure 3c), show from proximal to distal a continuous decrease in size. Wrapped up by the dorsal wall below and the tectorial membrane above, the slender distal part of the hearing organ sits on top of the acoustic trachea, whereas the much wider proximal part is more and more sunk in. In addition, the organ height decreases from the proximal to the distal end. For most of the middle part, however, the height of the crista acustica remains rather constant. Especially in the male ears, the central half of the organ does not show significant changes of the organ height (figure 3d) and the sunk-in state seems to be a supporting parameter for its stability (figure 3e).
Discussion
By comparing the biomechanical and electrophysiological frequency tuning with morphological properties along the crista acustica in A. fenestrata, our study provides evidence for an auditory fovea as a sex-specific adaptation that reflects the asymmetric signalling in the reciprocal acoustic communication of these duetting bushcrickets. Sexual dimorphism in hearing organs had been reported predominantly in insects [41] [42] [43] [44] [45] and anurans [46] [47] [48] [49] [50] , but was also shown in geckos [51] and humans [52] . These anatomical differences often reflect sex-specific adaptations of the hearing system to improve the auditory sensitivity or selectivity for acoustic properties of conspecific mating signals or other sounds that have different behavioural relevance to males and females of the same species [23, 53, 54] . So far, however, a sex-dimorphic auditory fovea had not been found in any other insect than A. fenestrata [9] and had not been described for any vertebrate ear with an auditory fovea. rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171426
The crista acustica in the tympanic ears of bushcrickets had been shown to have some astonishing functional and mechanistic similarities to the vertebrate cochlea as a result of convergent evolution [31, 32, [55] [56] [57] . In analogy to the cochlea of bats and barn owls [3, 6, 8, 58] , the auditory fovea in the ears of the duetting bushcricket A. fenestrata also appears to be an adaptation to improve the acuity of directional hearing. In contrast with most other acoustically communicating insects, where mute females are attracted to the species-specific temporal pattern of amplitude modulation in enduringly repeated calling songs of the males [10, 18, 59 ], the extremely short and sparse sound signals of the phaneropterine bushcricket A. fenestrata makes not only species recognition but also acoustic mate localization exceptionally challenging [22, 24, 60] . The precise timing of the female's acoustic reply is a key element for mate recognition in the duets of phaneropterine bushcrickets as the female response has to occur in the species-specific sensory time window after the male's call to initiate phonotactic searching behaviour in the male [24, 61, 62] . Here, we tested males and females under the same playback conditions, but irrespective of their own calling behaviour, and found that males were significantly more likely to approach a speaker that broadcasted female calls than vice versa. Although we expect the male to be more determined in its phonotactic approach when the playback of the female reply would always fall within the species-specific sensory time window after spontaneous calls, our playback experiments already provide strong experimental evidence that the males are responsible for the phonotaxis in A. fenestrata.
Our data show that the middle part of the crista acustica, which is tuned to the dominant frequency of the female call, rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171426 is extensively expanded in male ears. The laservibrometric measurements of the mechanical response indicate that this frequency overrepresentation results primarily from the acousto-mechanical properties of the anatomical structures rather than the subsequent mechano-electrical transduction process. The difference in the tonotopic slopes between mechanical and neuronal responses, especially in the most distal region of the crista acustica, points to the presence of additional biomechanical filters as found in other bushcrickets [38] . However, the additional sensory cells in the male crista acustica of A. fenestrata provide an extensive overrepresentation of a behaviourally important auditory input to the central nervous system for further processing [63, 64] . Such an auditory fovea does not necessarily improve sensitivity (lower hearing threshold), but as in the ears of barn owls and echo-locating bats it can improve the directional hearing for sounds of a narrow frequency band. Population coding by a large number of similarly tuned afferents can allow for hyperacute temporal processing by diminishing the response jitter when the afferent signals converge at a higher interneuron [65] and thereby facilitate the neural computation of minute interaural time and intensity differences to exactly determine the sound source location [66] . Our playback experiments indicate that in A. fenestrata the males have to acoustically localize the responding female by the very sparse acoustic reply, a task that certainly imposes a strong evolutionary pressure on the male ear. However, the reason why the female ears also show some overrepresentation of 10 kHz rather than around 30 kHz, which is the dominant frequency of the male call, remains an intriguing question that needs further investigation. One theory is that correlated evolution of conspecific male and female hearing organs is based on a genetic intralocus sexual conflict, which can result in specific adaptations that manifest in both sexes, but is adaptive and behaviourally relevant for only one sex [67] .
The auditory sensitivity of bushcricket ears is mainly determined by the dimensions and properties of the tympanum, acoustic spiracle and acoustic trachea, whereas the arrangement of the scolopidia and the dimensions of the supporting structures in the crista acustica shape the frequency tuning [35] . Our morphological data identified the organ height, rather than organ width or cap cell size, as a crucial anatomical parameter of the crista acustica for the biomechanical basis of the overall tonotopy and its discontinuity in the auditory fovea. This spacing between the tectorial membrane and the dorsal wall was found to be the only morphological parameter that closely correlated in its size change with the general tonotopy along the proximo-distal axis of the crista acustica and was also unchanged in the region of the auditory fovea. The tight relationship between organ height and tonotopical gradient is also supported by a recent study of the ear in the bushcricket Mecopoda elongata, in which the organ height most closely matches the tonotopy of the mechanical response characteristics along the crista acustica [34] . In horseshoe bats and mole rats, a region of unchanged basilar membrane width and especially thickness seems to be important to generate an auditory fovea [58] . These regions of constant organ stiffness [68] , induced by the constant height, are believed to be important to generate mechanical resonances and standing waves, which are the functional basis for the auditory fovea [69, 70] . Abrupt transitions in organ thickness had been found in bats [71] , but are not present in the insect ear of A. fenestrata.
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